The electrical conductivity of molten MCl-NdCl 3 (M = Li, Na, Rb and Cs) has been measured from the liquidus temperature up to ∼ 1180 K. The measurements were performed in usual U-shaped capillary quartz cells with platinum electrodes. The molar conductivity (Λ ) has been computed by using literature data on the densities of the binary systems. In all cases, when the temperature range exceeds about 100 K, the plot lnΛ vs. 1/T is not a straight line. The activation energy of the conductivity does not remain constant but reduces with increasing temperature. In the specific and molar conductivity isotherms strong deviations from additivity are noted. The results are discussed in terms of octahedral local coordination of Nd 3+ over the entire concentration range.
Introduction
The electrical conductivity of molten lanthanide chlorides with alkali chlorides plays an important role in the production of lanthanide metals by molten salt electrolysis. The present work is part of our general research program on the thermodynamic properties and electrical conductivity of rare-earth chlorides (LnCl 3 ) and their mixtures with alkali metal halides (see for example [1 -7] ). In this work the electrical conductivities of molten NdCl 3 and MCl-NdCl 3 (M = Li, Na, Rb, Cs) have been determined. NdCl 3 has been the subject of a number of investigations, but the conductivity data are rather contradictory [7 -13] . As for the MClNdCl 3 systems, only the NaCl and KCl mixtures have been investigated [10, 11] .
Experimental

Chemicals
The lithium, sodium, rubidium and caesium chlorides were purchased from ALPHA (99.5%). Prior to 0932-0784 / 07 / 0700-0431 $ 06.00 c 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com use, they were dehydrated by progressive heating up to fusion under gaseous HCl. LiCl was treated for more than 6 h, while NaCl, RbCl and CsCl for about 2 h. Excess HCl was removed from the melt by purging with argon.
High grade NdCl 3 (minimum 99.9%) was prepared from Nd 2 O 3 produced by the Chemical Department of the University of Lublin, Poland. The synthesis of anhydrous NdCl 3 is described in detail in [14] . The last step of this synthesis was double distillation under reduced pressure (about 0.1 Pa). Storage and all handlings were performed under dry Ar (water content less than 2 ppm).
Apparatus
Capillary quartz cells with platinum electrodes were used to measure the electrical conductivity. They consist of two quartz tubes connected by a capillary of approximately 1 mm inner diameter (Fig. 1) . The tubes were hermetically closed with rubber plugs. A special sluice was welded to the cell for loading sam- ples before and during experiments. The cylindrical electrodes were made from platinum foils (∼ 4 cm 2 ) welded to 1 mm diameter platinum wire. The melt volume required for investigation did not exceed 1.0 -1.2 ml. The cell was placed into a furnace which contained a stainless steel block in order to achieve a uniform temperature. The temperature was controlled by a EUROTHERM regulator with a stability better than 1 K. The temperature was measured by means of a PtRh10%Pt thermocouple with an accuracy ±1 K. The hot junction of the thermocouple was snagged against the cell capillary. A radiometer CDM230 conductivity meter was used for the conductivity measurements. In the cell resistance range corresponding to our investigations, the accuracy of this conductometer was ±0.2%. The temperature and conductivity values were simultaneously recorded on a computer.
Procedure
All preparations of experimental samples and cell fillings were carried out in a dry glove-box with water content less than 2 ppm. Sample loading into the cell was made only through the sluice to prevent any modifications of electrode positions. Measurements were performed in an atmosphere of pure argon (water content less than 2 ppm) from the melting temperature up to 1170 -1200 K (1073 K for systems containing LiCl). At each concentration the temperature was automatically increased and decreased with a rate of 60 -90 K/h. Separate experiments showed that nonreproducible conductivity values were obtained after two successive thermal runs only at rates larger than 120 K/h. The temperature and conductivity values were registered usually every 20 s.
The conductivity cells were calibrated with molten NaCl or KCl [15] and controlled every 4 -6 experiments. In addition, secondary calibration was performed with two aqueous KCl standard solutions (0.1 and 1 M). It was repeated before every experiment in order to check for any change of the cell constant, which ranged from 40 to 80 cm −1 . Further controls were made while investigating the NaCl-NdCl 3 or KCl-NdCl 3 systems: indeed, prior to any addition of NdCl 3 , electrical conductivity measurements were performed on NaCl (KCl) ("autocalibration"). The working frequency of the conductivity meter was automatically selected as 23.4 kHz, i. e. far beyond the frequency range where the resistance is frequencydependent [7, 16] . Although the accuracy of the CDM230 conductivity meter is 0.2%, by taking into account all other possible errors (concentration, temperature, etc.), the accuracy of the specific conductivity data is estimated to be ±2%.
Three kinds of equations are generally used to represent the dependence of the electrical conductivity on temperature:
It is obvious that (1) is only valid if the temperature range is limited (less than 100 K) or experimental data have poor precision.
The Arrhenius-type exponential function (3) has been widely used, mostly because it provides, for simple liquids, a conventional way of estimating the activation energy E A . However, when the experimental data are numerous and obtained for different compositions of a mixture, a more accurate representation, i. e. a smaller standard deviation, is achieved by the polynomial equation (2) . In Table 1 typical examples are shown to demonstrate the fitting capability of equations (1) -(3). Both average and maximum deviations of experimental points from calculated lines increase with the widening of the temperature range. Equation (2) provides the closest fit.
An important advantage of (1) should be pointed out. In many cases some extrapolation of experimental data is required. Using the linear equation is more ap- Table 2 . Specific conductivity k (S/cm) of MCl-NdCl 3 (M = Li, Na, Rb, Cs) melts. propriate for this purpose. Other equations frequently lead to absurd results even at short extrapolation (for instance see second footnote in Table 3 ).
Results and Discussion
Molten Lithium, Rubidium and Caesium Chlorides
Because the specific electrical conductivity of molten NaCl and KCl [15] was used for the cell constant determination, the conductivity of all other salts directly depends on the accuracy of these data. The conductivity measured for fused LiCl is nearly the same as in [15] . Thus the conductivity of pure LiCl used in this work was adopted from [15] . However, preliminary experiments did not confirm the conductivity values of RbCl and CsCl cited in [15] . Since it is important that in a mixture the properties of the pure components are determined accurately, careful measurements of the conductivities of molten RbCl and CsCl were undertaken. Cells with high constants (∼ 200 cm −1 ) were used for this purpose. For these experiments special samples were prepared each time just before the measurements. In addition to the usual treatment by gaseous HCl, the samples of RbCl and CsCl (99.9% purity) were purified by sublimation. The results are shown in Table 1 . For RbCl, the maximum deviation of our data from the selected critical values in Janz's compilation [15] is −3.7%, i. e. within the accuracy reported by the authors of [16] , quoted in this book as ±4%. For CsCl, the maximum deviation observed with the values of [16] also reported by Janz [15] is larger (11% at 1173 K). However, it should be noted that our data on CsCl agree within 2% with those published by Smirnov and Khokhlov [17, 18] .
Molten Neodymium Chloride
The specific electrical conductivity of molten NdCl 3 was measured by several authors [7 -13] . All these results are juxtaposed in Fig. 2 , and a noticeable difference among these data is observed. Our experimental data (see Table 2 and Fig. 2 ) agree well with those which appear as the most reliable ones [9 -12] . The maximum departure of our values from [9] is −2.1%; from [10] −1.2%, from [11] +3.2%, and from [12] +8%. It is well known that any impurities actually reduce the electrical conductivity. We believe that this is responsible for the low values published in [8] and possibly in [13] in spite of the lack of experimental details.
In this critical evaluation of the electrical conductivity it seems that previous results obtained in our laboratory [7] and all other previous data [9 -12] are larger than those obtained in the present work. Since the ex- perimental procedure for the salt preparation was the same, the difference cannot be ascribed to impurities. The experimental technique for conductivity measurements was similar but the cell design is different in many respects. Actually, when we became aware of this difference, we double checked all possible causes for it. While the cell constant used in our previous work [7] was smaller than in the present work, the main reason was the electrical conductivity value of NaCl used for calibration, values were given by the same author in two different equations [15, 19] .
Binary Mixtures
The electrical conductivity of three binary mixtures, LiCl-NdCl 3 , RbCl-NdCl 3 and CsCl-NdCl 3 , was studied over the entire composition range with an increment of ∼ 10 mol% each time. These data were parameterized using (2) and are listed in Table 2 . The specific conductivity dependence on composition at 1073 K is shown in Fig. 3 for each system. The NaCl-NdCl 3 and KCl-NdCl 3 systems have been investigated in [15] , and the corresponding data are also plotted in Fig. 3 for comparison. To make sure the mutual agreements of our results with data of [11] , the measurements for the NaCl-NdCl 3 mixture were repeated for some compositions. In all cases very good agreement (better than 2%) with data of Mochinaga et al. [11] was found (see Table 2 ).
Thus our results, together with [11] , form a selfconsistent system of conductivity data on MCl-NdCl 3 systems (M = Li, Na, K, Rb, Cs). In these systems the conductivity reduces from LiCl to CsCl. In the systems LiCl-NdCl 3 , NaCl-NdCl 3 , KCl-NdCl 3 the conductivity smoothly reduces with increase of the NdCl 3 content. In the RbCl-NdCl 3 and CsCl-NdCl 3 mixtures the conductivity reduces up to 30 -35% NdCl 3 , and then a wide minimum is observed around 40 mol% NdCl 3 .
Molar Conductivity
The molar conductivity (Λ ) of a molten salt is related to the specific electrical conductivity (k) by the equation
where V m is molar volume of the salt, M the molar mass, and d the density. The same equation is applied to the mixtures. In MCl-LnCl 3 mixtures the maximum excess volumes (V ex ) are relatively small ranging from 1.5% in LiCl systems to 6.0% in CsCl systems. The empirical equations for computing molar volumes of such binary mixtures based on known molar volumes of end-members of mixtures were recently proposed [20, 21] . The equations were developed based on the analysis of all available excess volume data on these melts. It was shown that V ex mainly depends on the nature of the alkali metal cation. In the present work this Open symbols, data from [11] ; closed symbols, our data. procedure was used for computing molar volumes of the systems under investigation. For the calculation of the density of molten NdCl 3 the following relation was used:
This formula is an average of two sets of data published [22, 23] . The density of molten alkali chlorides was taken from [15] .
The molar conductivities of molten RbCl, CsCl and NdCl 3 at two temperatures are listed in Table 3 , together with some literature data. In the case of RbCl, the discrepancy with data in [24] reaches 4.7%. Our results on the CsCl molar conductivity agree very well with [17] . The difference is smaller than 1.4% (1173 K). Our Λ (NdCl 3 ) value is by 5.3% lower than the value published in [10] and 4.7% higher than in [11] .
For binary mixtures the results Λ vs. [NdCl 3 ] at 800 • C are depicted in Figure 4 . The molar conductivity shows a similar trend with the composition as the specific conductivity. However, the minimum at ∼ 40% NdCl 3 in the RbCl-NdCl 3 and CsCl-NdCl 3 systems is observed more clearly in this plot. All these curves have essential deviations from additive behaviour. In Fig. 5 the relative deviations from additivity of the molar conductivity [δ = ((Λ addit − Λ )/Λ addit ) · 100%] are shown. The maximum deviation in the LiClNdCl 3 system is about 17%, whereas in the RbClNdCl 3 and CsCl-NdCl 3 systems, it reaches 37 and 41%, respectively. The maximum deviations occur in the range 35 -45 mol% NdCl 3 .
Such strong deviations from additivity are clearly indicative of complex formation in the melts. Indeed, a structural study by Raman spectroscopy [25] showed that the predominant species in these melts are [ 6 ] 3− octahedra resulting from the sharing of common chloride ions between the octahedra, with a loose network structure consisting of octahedra sharing edges, as pure NdCl 3 .
As a consequence of these structural features, the position of maximum deviations from additivity will be shifted from 25 mol% to higher contents of neodymium chloride. Similarly, the enthalpies of mixing of the MCl-NdCl 3 systems (M = Na, K, Rb, Cs) [1, 14] exhibit strongly exothermic minima in similar composition ranges (35 -45 mol% NdCl 3 ). It should be noted that Mochinaga et al. [11] also inferred sixcoordinated complexe forming from their electrical conductivity measurements and prior to structural determinations [25] . In the alkali chloride-rich range the electrical conductivity drastically decreases with increasing NdCl 3 content because Cl − anions are bound in stiff complexes, and the content of mobile alkali cations decreases too. In the concentration range 40 -100 mol% NdCl 3 , the deviations decrease, probably due to a new mechanism of electricity transport by "anion jump". Isolated mononuclear and polynuclear complexes are replaced by chain or net structures with high concentration and small distance between Cl − anions. For all systems, the activation energy of the electrical conductivity, E A , was calculated numerically as the derivative of lnΛ vs. 1/T . Our electrical conductivity measurements were made in a wide temperature range typically exceeding 200 -300 K, and a temperature dependence of the activation was evidenced. The results for 1073 and 1173 K are presented in Table 4 . E A significantly reduces with temperature even in the individual molten salts (very few exceptions are the result of some data scattering). This means that smooth structural changes leading to a reduction of energy barriers for electricity transport take place in the melts with increasing temperature.
This question was specially investigated in [25] . Unfortunately it turned out that Raman spectroscopy is not sensitive enough in this respect. For most systems studied the isotropic and anisotropic relative intensities and the overall shape of the spectra were found as temperature-independent. The same is true for LaBr 3 , GdBr 3 , YCl 3 and YBr 3 melts.
In the monograph [26] , complex formation of Nd 3+ in molten NaCl, KCl, RbCl, CsCl and (Li-K)Cl eut was studied by electronic spectroscopy. In principle, f-f transitions are of little sensitivity to surroundings like solvent or temperature. But for neodymium chloride, hypersensitive transitions 4 I 9/2 → 4 G 5/2 exist in the range 570 -620 nm, which provide some information. Predominant octahedral local symmetry of Nd 3+ was found over the entire composition range including pure molten NdCl 3 . The part of octahedral configuration (or lifetime of [NdCl 6 ] 3− complexes) increases in the row LiCl < NaCl ≈ (Li − K)Cl < KCl < RbCl < CsCl.
This tendency also indicates that the Nd-Cl distance and average coordination number of Nd 3+ increases from Cs + to Li + . Thus in molten NaCl, and especially in LiCl, the average coordination number of neodymium cations somewhat exceeds six. This conclusion is in accordance with our results. The activation energy of the conductivity increases from LiCl to CsCl.
The fact that the intensity of hypersensitive transitions increases with temperature, while that of other transitions decreases, is indicative of a better organized octahedral coordination with more energetic Nd-Cl bonds (the Nd-Cl distance becomes shorter). In fact this slightly paradoxical conclusion corresponds to the strengthening of Nd-Cl bonds in complexes and weakening bonding in the second coordination sphere, with alkali metal cations and between complexes. Both alkali metal cations and complexes become more mobile, resulting in the reduction of the electrical conductivity activation energy.
Conclusion
The molar conductivity exhibits essential negative deviations from additivity in all MCl-NdCl 3 binary mixtures. Maximum deviations are situated at around 40 mol% NdCl 3 . This is probably due to the existence of [NdCl 6 ] 3− octahedral units and their linkage, as confirmed by Raman and electronic spectroscopy.
The reduction with temperature of the electrical conductivity activation energy is probably related to the weakening interaction in the second coordination sphere.
